Deficits in auditory emotion recognition (AER) are a core feature of schizophrenia and a key component of social cognitive impairment. AER deficits are tied behaviorally to impaired ability to interpret tonal ("prosodic") features of speech that normally convey emotion, such as modulations in base pitch (F0M) and pitch variability (F0SD). These modulations can be recreated using synthetic frequency modulated (FM) tones that mimic the prosodic contours of specific emotional stimuli. The present study investigates neural mechanisms underlying impaired AER using a combined event-related potential/resting-state functional connectivity (rsfMRI) approach in 84 schizophrenia/schizoaffective disorder patients and 66 healthy comparison subjects. Mismatch negativity (MMN) to FM tones was assessed in 43 patients/36 controls. rsfMRI between auditory cortex and medial temporal (insula) regions was assessed in 55 patients/51 controls. The relationship between AER, MMN to FM tones, and rsfMRI was assessed in the subset who performed all assessments (14 patients, 21 controls). As predicted, patients showed robust reductions in MMN across FM stimulus type (p ϭ 0.005), particularly to modulations in F0M, along with impairments in AER and FM tone discrimination. MMN source analysis indicated dipoles in both auditory cortex and anterior insula, whereas rsfMRI analyses showed reduced auditory-insula connectivity. MMN to FM tones and functional connectivity together accounted for ϳ50% of the variance in AER performance across individuals. These findings demonstrate that impaired preattentive processing of tonal information and reduced auditory-insula connectivity are critical determinants of social cognitive dysfunction in schizophrenia, and thus represent key targets for future research and clinical intervention.
Introduction
Although auditory processing was once considered an "intact simple function" in schizophrenia (Bleuler, 1950) , deficits in early sensory processing of auditory information have been increasingly documented over recent years by multiple independent groups (Leitman et al., 2007; Pinheiro et al., 2013; Kantrowitz et al., 2014b) . In particular, deficits in auditory emotion recognition (AER) contribute disproportionately to im-paired global outcome (Green et al., 2000; Edwards et al., 2001) and correlate with impairments in higher-level function. For example, reduced ability to discriminate simple tones correlates with impairments in emotion recognition (Gold et al., 2012) , theory of mind (Kantrowitz et al., 2014a) , and reading ability (Revheim et al., 2014) in schizophrenia patients.
Although the neural substrates of AER impairments are incompletely understood, studies have implicated regions, including auditory cortex, inferior frontal gyrus, and medial temporal structures (e.g., anterior insula, amygdala) in normal AER processing (Wildgruber et al., 2006; Leitman et al., 2011b; Bestelmeyer et al., 2014) . This study uses complementary eventrelated potential (ERP) and resting-state functional connectivity (rsfMRI) measures to evaluate neural mechanisms underlying AER impairments in schizophrenia.
In speech, emotional information ("affective prosody") is conveyed largely by tone of voice. For example, happy utterances typically have high base pitch (F0M) and pitch variability (F0SD), whereas sad utterances are characterized by lower F0M and F0SD (Banse and Scherer, 1996; Juslin and Laukka, 2001) . Overall speech volume (intensity) and presence of high-frequency noise (HF500) contribute to perception of anger and fear (Whiteside, 1999) . These features can be modeled by synthetic, frequency modulated (FM) tones that mimic tonal parameters associated with specific types of utterances .
Schizophrenia patients show impaired sensitivity to changes in pitch and duration (Todd et al., 2003; Gold et al., 2012) , processes that are known to localize to primary auditory cortex (Tramo et al., 2002) , along with deficits in sensitivity to modulation of intensity discrimination (Bach et al., 2011) . For AER, we have previously demonstrated relatively greater deficit in ability to use pitch-based (F0M, F0SD) versus absolute intensity-based (intensity, HF500) features of speech (Leitman et al., 2010; Gold et al., 2012) .
The neural mechanisms underlying FM tone processing can be evaluated using mismatch negativity (MMN) (Leitman et al., 2011a) , an ERP component that reflects preattentive auditory processing within superficial layers of auditory cortex Tiitinen et al., 1994; Javitt and Sweet, 2015) . Deficits in MMN generation to deviations in simple auditory features, such as pitch, duration, or intensity, have been extensively replicated in schizophrenia (Garrido et al., 2009; Friedman et al., 2012; Light et al., 2012) and tied to NMDAR dysfunction in both monkey Gil-da-Costa et al., 2013) and human (Umbricht et al., 2000; Heekeren et al., 2008; Javitt et al., 2011; Gunduz-Bruce et al., 2012) investigations. This is the first study to investigate MMN to emotionally relevant FM tones relative to AER deficits in schizophrenia.
To complement ERP, we used rsfMRI to interrogate functional connectivity between auditory and medial temporal structures. In healthy volunteers, we observed bitemporal MMN responses to FM deviant tones suggesting potential activation of both medial temporal and auditory structures (Leitman et al., 2011a) . In addition, functional dysconnectivity has been shown to contribute to cognitive dysfunction in schizophrenia, across frontal, limbic, and parietal networks (Deserno et al., 2012; Mukherjee et al., 2012; Hoptman et al., 2014) . In the present report, rsfMRI "seeds" were placed in bilateral auditory and anterior insula cortex based on MMN source localization, and contributions of sensory-insular dysconnectivity to impaired AER function were assessed.
We hypothesized that (1) MMN generation to emotionally relevant FM features and (2) auditory-insular connectivity would be significantly reduced in schizophrenia and that these deficits would contribute in parallel to AER impairments, reflecting combined effects of auditory dysfunction and sensory-insular dysconnectivity. This is the first study of which we are aware to use combined ERP/rsfMRI analyses to assess neural substrates underlying social cognitive impairment in schizophrenia.
Materials and Methods
Subjects. All subjects signed informed consent as approved by the Nathan Kline Institute (NKI) Institutional Review Board. Subjects consisted of 84 medicated patients (68 males and 16 females) recruited from NKI and 66 controls (47 males and 19 females) and consisted of all available subjects who participated in the EEG recording and/or rsfMRI. A subset of subjects (14 patients and 21 controls) completed both MMN and rsfMRI (Table 1 ). All subjects were interviewed with the Structured Clinical Interview for DSM-IV (First et al., 1996) . Patients met criteria for either schizophrenia or schizoaffective disorder, whereas controls had no history of a major Axis I disorder. Subjects were excluded if any neurological/sensory disorders were noted on medical history, or for substance dependence (within 6 months) and/or abuse (1 month). Data are mean Ϯ SD.
Behavioral tasks and symptom ratings, including the Positive and Negative Symptom Scale (Kay et al., 1987) , were obtained from a subsample of patients (Table 1) .
MMN to FM tones. ERPs were obtained to synthetic FM tones that differed in pitch, intensity, or HF500. As previously described , the FM tones were developed by measurement of acoustic cues of the Juslin and Laukka's (Juslin and Laukka, 2001) prosody stimulus set using PRAAT software. FM tones were synthesized (Adobe Audition) to be 500 ms in length with a modulation frequency of 3 Hz (1.5 cycles per tone), at a nominal intensity of 75 dB sound pressure level. The A total of 63% of controls and 63% of patients were scanned on the 3T, with the remainder on 1.5T. *Significant difference on independent sample t test.
"standard" tone had moderate levels of F0M and F0SD (e.g., an F0M/ F0SD of 125/125 Hz) and was designed to be emotionally ambiguous, whereas the deviants were designed to mimic specific emotions (Fig. 1) . HF500 was added as regularly distributed noise. The six deviants were modified from the standard tone as follows ( Fig. 1): (1) F0M: increased base pitch with unchanged pitch variability (i.e., 378 Hz/125 Hz); typically perceived as happy; (2) F0SD: unchanged base pitch with decreased pitch variability (i.e., 125 Hz/20 Hz); typically perceived as sad; (3) HF500: adding an overlay of HF500 noise with unchanged pitch characteristics; typically perceived as angry or fearful; (4) intensity: increasing the intensity (volume) to 85 dB with unchanged pitch characteristics; typically perceived as angry or fearful; (5) dual (F0M/F0SD): varying both base pitch and variability (378 Hz/20 Hz); leads to a stimulus that differs physically from the standard but does not convey a predominant emotion percept; and (6) non-FM: a simple, non-FM modulated tone (125 Hz), which is perceived primarily as neutral or no emotion.
Stimuli were presented through headphones with an interstimulus interval of 250 ms. During MMN testing, subjects were not informed of the emotional intent, and watched a silent, unrelated movie. A multidimensional, "optimized" design (Näätänen et al., 2004 ) was used, allowing for multiple deviants to be assessed simultaneously (Fig. 2) . Four 950 tone blocks were used, with each block divided into an "oddball" section ( Fig. 2A) , followed immediately by a "repetitive N1" section (Fig. 2B ). In the oddball section, 600 tones were presented: standard tones (300 total/ 50%) alternated with one of the six deviants (50 of each deviant tone per block ϳ8.33% for each deviant). The deviant tone could not be the same as one of the previous four deviants. In the repetitive N1 section, 50 repeats of each of the seven tones (350 total tones, 50 each) were presented. Thus, each tone was presented both as a deviant against a background of the more frequent, emotionally ambiguous "standard" stimuli in the oddball section and repetitively in the "repetitive N1" section.
Subsequently, the tones were played again in the FM tone task, as previously presented . One patient did not participate in this portion of the experiment. Subjects were asked to identify the emotional percept corresponding to each tone (happy, sad, anger, fear, or neutral). Non-FM and intensity stimuli were not tested in this task but were preferentially identified as neutral (54%) and angry (66%), respectively, in a separate pilot experiment.
EEG recordings. EEG data were obtained from 72 scalp electrodes using either a Biosemi or Advanced Neurotechnology digital recording system with previously reported methods (Friedman et al., 2012) and were stored along with digital timing tags for subsequent offline analysis. No significant differences in response pattern were observed between the systems.
Epochs (Ϫ100 to 250 ms) were created offline and low-pass filtered at 45 Hz (48 db down), and artifact rejected at Ϯ120 V. Epochs were then averaged offline for each subject and stimulus type. Similar numbers of sweeps were included in patient and control averages across deviants (mean ϭ 176.6 Ϯ 40.6, F (1,77) ϭ 0.002, p ϭ 0.96). Similar to previous studies (Sinkkonen and Tervaniemi, 2000; Friedman et al., 2012) , averages were then bandpass filtered from 1 Hz (6 dB down) to 15 Hz (24 dB down), referenced to average mastoids and baseline corrected.
MMN to FM tone analysis. Because the morphology of the sensory response to the different stimuli varied with stimulus feature, MMN waveforms were assessed as the difference wave of the response to the same stimulus presented in the oddball section versus in the repetitive N1 section ("like from like" comparison; Fig. 2C ). MMN was calculated as mean amplitude within the selected latency range. Peak amplitude was used to confirm latency window selection. To avoid "circular analysis" ("double-dipping") bias, we followed published guidelines (Kriegeskorte et al., 2009) . First, the general analysis plan was based upon a prior methods-only study, which established the basic phenomenon (i.e., MMN to FM deviants) and demonstrated differential latency ranges for features that were apparent at stimulus onset (e.g., F0M) versus features that needed to be extracted from ongoing stimulation (e.g., F0SD) (Leitman et al., 2011a) .
Second, to ensure that electrodes that show the cleanest "signal" are used for analysis and are independent of patient/control differences, MMN was analyzed with electrodes selected based upon areas of magnitude of signal-to-noise ratio (across group effect size) for each deviant type based upon the 10/10 recording montage (Le et al., 1998) . Third, adjustments to the windows chosen for electrophysiological analysis were based upon the magnitude of response in the two groups ("A ϩ B"), rather than the difference ("A Ϫ B"), which produces contrast vectors that are orthogonal (Kriegeskorte et al., 2009) .
Unequal numbers of subjects in the two study groups might also influence the results but were not a significant issue (43 patients, 36 controls) in the present report. Finally, in the electrophysiology studies, between-group differences were apparent even in distributed source analyses in which all surface data were taken into account. . Gray ovals represent location of tested FM tones. Numbers on the colored lines indicate the percentage response associated with that area. Pink represents happy; cyan represents sad; green represents angry/fear.
Electrode selection. As in previous studies (Bishop et al., 2005; Leitman et al., 2011a) , MMN was analyzed with electrodes selected based upon areas of magnitude of signal-to-noise ratio across group effect size for each deviant type based upon the 10/10 recording montage (Le et al., 1998) Latency window selection. As observed in our pilot study (Leitman et al., 2011a) , N1/MMN latencies to FM tones are prolonged relative to simple, non-FM tones, sometimes peaking up to 200 ms after stimulus onset. This is presumably due to longer onset times to peak amplitude. In particular, MMN to F0SD is prolonged relative to F0M, likely because F0M (i.e., base pitch) is apparent at stimulus onset, whereas F0SD (i.e., pitch variability) does not become apparent until sufficient "sampling" has occurred to allow the brain to extract variability information. Similar findings of a delayed MMN to F0SD stimuli have been independently reported (Bishop et al., 2005) , finding latencies in the 150 -300 ms range for F0SD deviant stimuli.
Thus, following the procedures we established in our methodological pilot study (Leitman et al., 2011a) , separate ranges were used for analysis, including an "early" window for F0M-, F0M/F0SD-, and HF500-based deviants (100 -160 ms) versus a "late" window for F0SD and intensity deviants (160 -250 ms). Our analyzed latency windows differed slightly from our methodological pilot, [(early: 100 -160 ms vs 110 -185 ms) and late (early: 160 -250 ms vs 150 -225 ms)] due to the expanded, novel deviant set (e.g., HF500, intensity) and an earlier peak across group for F0M (ϳ130 ms vs ϳ160 ms). The early window included Ϯ1 SD around the across group mean peak, and late window was shifted to cover the remainder of the epoch.
N1 analysis. To assess for registration of auditory stimuli within cortex (Näätänen and Picton, 1987), N1 peak amplitudes in the FCz channel to tones presented in the repetitive N1 section (Fig. 2B) were analyzed within the 50 -200 latency range.
MMN to FM tone source localization. MMN source localization was determined with local auto-regressive average (LAURA) analysis (Michel et al., 2004; Sehatpour et al., 2006; Murray et al., 2008) and BESA 5.3. First, dipole coordinates were derived from the LAURA solution (Figs. 3D, 4B), yielding bilateral auditory cortex [Talairach coordinates (X, Y, Z) ϭ Ϯ59, Ϫ28, 8, planum temporale] and medial temporal (anterior insula) (Ϯ35, 5, 3) dipoles. Subsequent to this, a standard leastsquare dipole fit was made using BESA 5.3. Source waveforms were generated in BESA 5.3 for each subject using these four bilateral dipoles, as well as bilateral eye dipoles (Ϯ28, 71, 4) to control for residual variance generated by blinks/eye movements. For BESA analysis, dipole location was fixed, but orientation was not.
Behavioral tasks: AER and tone matching task. AER was assessed using the abbreviated Juslin and Laukka's (Juslin and Laukka, 2001) emotional prosody task, as described previously (Gold et al., 2012) . The stimuli were scored based on the speaker's intended emotion (happy, sad, angry, fear, or neutral). The sentences were semantically neutral (i.e., ''It is 11 o'clock''). Correct percentage responses were analyzed across groups, with separate factors extracted for pitch-versus intensity-based AER.
Pitch processing was assessed using a simple (non-FM tone) matching task (Leitman et al., 2010; Petkova et al., 2014) . This task consists of pairs of 100 ms tones in series, with 500 ms intertone interval. Within each pair, tones are either identical or differed in frequency by specified amounts (⌬f) in each block (2.5%, 5%, 10%, 20%, or 50%). Tones are derived from three reference frequencies (500, 1000, and 2000 Hz) to avoid learning effects.
MMN to non-FM tone. A subset of subjects (Table 1) also underwent an MMN paradigm, including simple, non-FM stimuli (a standard and duration, intensity, and frequency deviants), as previously reported (Friedman et al., 2012) . These measures were used to assess the specificity of the relationship between rsfMRI, MMN to FM tones, and AER and were analyzed as previously reported (Friedman et al., 2012) .
rsfMRI methods: MRI acquisition. Scanning took place on the Siemens 3T TiM Trio or 1.5T Vision Scanner at the NKI Center for Advanced Brain Imaging. For 3T, subjects (n ϭ 34 patients and 32 controls) received an MP-RAGE (TR ϭ 2500 ms, TE ϭ 3.5 ms, TI ϭ 1200 ms, Figure 2 . Illustration of MMN to FM tones paradigm. A, In the oddball section, 600 tones were presented: standard tones (300 total/50%) alternated with 1 of the 6 deviants (50 of each deviant tone per block ϳ8.33% for each deviant). B, In the repetitive N1 section, 50 repeats of each of the 7 tonal deviants (350 total tones, 50 each) were presented. C, MMN waveforms were assessed as the difference wave of the response to the same stimulus presented in the oddball block versus in the repetitive stimulation block ("like from like") comparison.
matrix ϭ 256 ϫ 256, FOV ϭ 256, slice thickness ϭ 1 mm, 192 slices, no gap, 1 acquisition), and a 5 to 6 min resting-state scan (TR ϭ 2000 ms, TE ϭ 30 ms, matrix ϭ 96 ϫ 96, FOV ϭ 240 mm, 2.8 mm slice thickness, 34 slices, 0.5 mm gap, 180 acquisitions, IPAT ϭ 2). For 1.5T, participants (n ϭ 21 patients and 19 controls) received an MP-RAGE T1-weighted scan (TR ϭ 11.6 ms, TE ϭ 4.9 ms, TI ϭ 1122 ms, matrix ϭ 256 ϫ 256, FOV ϭ 256 mm, slice thickness ϭ 1 mm, 190 slices, no gap, 1 acquisition), and a 6 min resting-state fMRI scan (TR ϭ 2000 ms, TE ϭ 50 ms, matrix ϭ 64 ϫ 64, FOV ϭ 224 mm, 5 mm slice thickness, 22 slices, no gap, 180 acquisitions). For the resting-state scan, participants were instructed to close their eyes and remain awake. Research study staff confirmed that subjects remained awake after each scan.
rsfMRI data analysis. Resting-state data were preprocessed as described previously in detail (Hoptman et al., 2014) , using Data Processing Assistant for Resting-State fMRI-Advanced (Chao-Gan and Yu-Feng, 2010), which runs under Statistical Parametric Mapping version 8. Briefly, the first 5 volumes were discarded to eliminate T1 relaxation effects, and time series were truncated to a maximum length of 145 scans. Motion correction was then performed. Functional images were then registered to a standard space echo planar template that comes with Statistical Parametric Mapping distribution, and tissue-type segmentations were derived from anatomical "prior" images in standard space. Nuisance regressors were then removed (Yan et al., 2013a) , including motion parameters and their derivatives, global, white matter, CSF time series, and linear and quadratic trends. Data were smoothed with a 6 mm Gaussian kernel and filtered (0.1-0.01 Hz). Because small movements from volume to volume can influence rsfMRI results (Power et al., 2012), we computed framewise displacement (FD) for our data (Jenkinson et al., 2002) . Participants whose FD values were Ͼ2 SDs above the overall mean (2 controls, 2 patients) were dropped from analyses (Yan et al., 2013b) , yielding the final sample of 51 controls and 55 patients ( Table 1 ). The final sample did not differ in FD (t (104) ϭ 1.5, p ϭ 0.12).
Bilateral ROIs in the planum temporale and anterior insula cortex were derived from the source analysis dipoles (4 mm radius spheres). As the source-derived anterior insula regions were adjacent to the amygdala, bilateral ROIs were created for the amygdala as well. The amygdala ROIs were derived from the Harvard-Oxford Structural atlas that is part of FSL, thresholded at 25%. Thus, we extracted rsfMRI between the anterior insula dipole and the portion of the group difference region that contained the anatomical auditory cortex, as derived from the Harvard-Oxford Structural atlas that is part of FSL, thresholded at 25% probability. This region contained the auditory cortex dipole derived from source analysis of MMN data.
These were then used to extract time series for the relevant ROIs from the residualized images described above. The time series for each insula ROI was correlated with the time series for each primary auditory cortex and amygdala ROI in pairwise fashion within hemisphere. We also conducted voxelwise GLM analyses for the insula source-based ROIs, controlling for magnet (1.5T or 3T) and FD. Group difference contrasts were computed in this analysis. The GLM analyses produced thresholded z-statistic maps of clusters defined as a Z threshold of 2.3 and a corrected cluster threshold of p ϭ 0.05 using Gaussian Random Field theory.
Voxel-based morphometry. Anatomical data were processed with whole-brain voxel-based morphometry (Ashburner and Friston, 2000) , implemented in SPM12 software (http://www.fil.ion.ucl.ac.uk/spm) with MATLAB (version 7.90, The MathWorks) on MAC X version 10.9.5 OS. Three-dimensional T1-weighted images were segmented into the three main tissue classes [gray matter (GM), white matter (WM), and CSF] with the SPM unified segmentation algorithm (Ashburner and Friston, 2005) . The GM and WM images were next spatially normalized to a group-specific template and then to MNI space with a diffeomorphic image registration tool kit (Diffeomorphic Anatomical Registration using Exponentiated Lie algebra) in 1.5 mm cubic resolution (Ashburner, 2007) . The images were modulated with the individual Jacobian determinants to preserve the local amount of GM and WM. Modulation was achieved by multiplying voxel values in the segmented images by the Jacobian determinants derived from the spatial normalization step. In effect, the analysis of modulated data tests for regional differences in the absolute amount of GM. Finally, images were smoothed with an 8 mm FWHM isotropic Gaussian kernel. This is the SPM default, optimal for group inference (Mikl et al., 2008) and commonly used in voxel-based morphometry studies (Smieskova et al., 2012; Shen and Sterr, 2013) .
Before statistical analysis, an inclusion mask was created by absolute thresholding, which excluded all voxels with GM values Ͻ0.2. Statistical analysis on processed GM images was performed by means of wholebrain multiple linear regression. Age, sex, and total intracranial volume were included as covariates. As in rsfMRI analysis, mean GM values were extracted for select ROIs (bilateral amygdala, insula, and auditory cortex) while adjusting for age, sex, and total intracranial volume using the SPM VOI toolbox. Statistical analyses. Between-group tests for demographics were compared by a Mann-Whitney test for ordinal values and by independent-sample t tests for continuous values. Primary analysis was conducted using mean (surface) MMN amplitude at the selected electrodes and latency windows (see MMN to FM tone analysis). Because no interactions were seen, individual electrode mean amplitudes were then averaged within hemisphere and deviant for subsequent analysis. Analysis of peak N1, source waveform, and rsfMRI analysis was secondary. An exploratory analysis assessed the relationship among measures.
Between-group effects were assessed using multivariate ANOVA (MANOVA/repeated-measure MANOVA) using within-subject factors of deviant type, electrode, and hemisphere and a between-subject factor of diagnostic group, with follow-up univariate ANOVA or independent-sample t tests. Relationships among measures were determined by Pearson correlations and multivariate linear regression using bilateral MMN and rsfMRI. Within linear regression, overall R 2 values were used to assess overall model significance, whereas partial correlations were used to assess significance of association for individual variables. Effect size was calculated using Cohen's d, with cutoffs of 0.2, 0.5, and 0.8 for small, medium, and large effect size, respectively. Two-tailed statistics are used throughout with preset ␣ level for significance of p Ͻ 0.05. No group ϫ gender interaction was seen for MMN (F (1,75) ϭ 0.0, p ϭ 0.99) or connectivity analysis (F (3,99) ϭ 0.25, p ϭ 0.87).
Results

MMN to FM tones
MMN to FM tone analysis was conducted in 43 patients and 36 controls. As in prior studies (Bishop et al., 2005; Leitman et al., 2011a) , surface MMN activity occurred in the 100 -160 ms latency window for F0M, F0M/F0SD, and HF500, and in the 160 -250 ms window for F0SD, intensity and non-FM deviants (Figs. 3, 4) . The difference in MMN latency for F0SD deviants relative to F0M or HF500 deviants most likely reflects the fact that base pitch can be detected at stimulus onset, whereas pitch variability over time can only be detected once sufficient sampling of the stimulus has occurred. This same difference in latency has Figure 4 . A, Mean amplitude over 160 -250 ms latency window for MMN to MMN_F0SD deviants ("Sad," top), and MMN_Intensity deviants ("Angry," middle) or over 100 -160 ms latency window to F0M/F0SD deviants (Dual, bottom). For F0SD (F (1,77) ϭ 3.5, p ϭ 0.06) and MMN_intensity (F (1,77) ϭ 3.5, p ϭ 0.06), the main effect of group was significant only at trend level, although significant unilateral surface deficits were seen for left-sided MMN_F0SD (t (77) ϭ 2.3, p ϭ 0.023) and MMN_intensity (t (77) ϭ 2.0, p ϭ 0.05). B, Source localization generated in LAURA for F0SD (top) at current density 338 A/mm 3 , intensity at 318 A/mm 3 (middle), or F0M/F0SD at 315 A/mm 3 (bottom). *p Ͻ 0.05 patients versus controls.
been observed in prior studies (Bishop et al., 2005; Leitman et al., 2011a) . Surface analysis was conducted for each deviant using a repeated-measure MANOVA with within-subject factors of electrode and hemisphere and a between-subject factor of diagnostic group. Underlying MMN sources were identified using source localization (LAURA). Source strength was evaluated using a repeated-measure ANOVA with a within-subject factor of source and hemisphere and a between-subject factor of group.
For MMN to F0M deviants (MMN_F0M), between-group deficits were seen in surface ( Fig. 3A-C; F (1,77) ϭ 5.2, p ϭ 0.026) analysis, with no electrode ϫ group (F (7,71) ϭ 0.9, p ϭ 0.49), hemisphere ϫ group (F (1,77) ϭ 0.2, p ϭ 0.65), or electrode ϫ hemisphere ϫ group interactions (F (7,71) ϭ 0.5, p ϭ 0.81). Between-group deficits were also seen in MMN_F0M source strength across auditory cortex and anterior insula sources ( Fig. 3D; F (1,77) ϭ 4.1, p ϭ 0.046), again without source ϫ group (F (1,77) ϭ 0.3, p ϭ 0.58), hemisphere ϫ group (F (1,77) ϭ 2.7, p ϭ 0.1), or source ϫ hemisphere ϫ group interactions (F (1,77) ϭ 2.7, p ϭ 0.11).
For MMN_F0SD (Fig. 4 A, B, top; F (1,77) ϭ 3.5, p ϭ 0.06), MMN_intensity (Fig. 4 A, B , middle; F (1,77) ϭ 3.6, p ϭ 0.06), and MMN_F0M/F0SD (F (1,77) ϭ 3.7, p ϭ 0.06) (Fig. 4 A, B, bottom) , the main effect of group was significant only at trend level, although significant unilateral surface deficits were seen (Fig.  4A) . No between-group differences in MMN_HF500 were seen (F (1,77) ϭ 1.7, p ϭ 0.19). No significant group ϫ electrode, group ϫ hemisphere, or electrode ϫ hemisphere ϫ group interactions were seen. As with F0M, predominant generators localized to auditory cortex and insula (Fig. 4B ), with a trend-level between-group difference in source strength seen for MMN_F0M/F0SD (F (1,77) ϭ 3.8, p ϭ 0.056) with no significant interaction effects (all p Ͼ 0.2).
Because no interactions were seen, individual electrode amplitudes were averaged within hemisphere and deviant for further analysis. Across deviants, a strongly significant reduction in MMN amplitude in schizophrenia patients relative to controls was observed across all deviant types (main effects of group: F (1,77) ϭ 8.3, p ϭ 0.005). As expected, the main effect of deviant type was also significant (F (1,74) ϭ 7.8, p Ͻ 0.001), reflecting variation in MMN amplitude in response to the different deviants. However, the group ϫ deviant type interaction was nonsignificant (F (1,74) ϭ 0.3, p ϭ 0.87), suggesting statistically similar levels of deficit across deviant types. The group ϫ hemisphere interaction was also nonsignificant (F (1,77) ϭ 0.04, p ϭ 0.84).
For source waveforms, a significant difference was also observed across all deviant types (main effect of group: F (1,77) ϭ 5.9, p ϭ 0.017) along with a main effect of deviant type (F (1,74) ϭ 5.6, p ϭ 0.001). In this analysis, the main effect of hemisphere (F (1,77) ϭ 4.6, p ϭ 0.034) and group ϫ hemisphere ϫ source interaction (F (1,77) ϭ 5.0, p ϭ 0.028) were also significant, with greatest deficit observed in the strength of the right insula source (F (1,77) ϭ 10.0, p ϭ 0.002).
Behavioral results and behavior/MMN correlation AER analysis was conducted in 58 patients and 49 controls, including all 79 subjects who completed MMN to FM tones. As reported previously (Gold et al., 2012) , patients showed significant deficits in both simple tone-matching (t (111) ϭ 5.6, p Ͻ 0.001) and AER (t (105) ϭ 4.7, p Ͻ 0.001) ability (Fig. 5A) , and significant correlations were seen between tone-matching and total AER ability (r ϭ 0.37, n ϭ 93, p Ͻ 0.001). Between-group differences in AER remained significant after controlling for tone-matching (F (1,90) ϭ 5.2, p ϭ 0.026). When bilateral surface MMN_F0M amplitudes were entered simultaneously into a multiple regression analysis with AER as the dependent variable, the overall model was highly significant (overall R 2 ϭ 0.19, F (2,76) ϭ 8.7, n ϭ 79, p ϭ 0.001), with the highest contribution from rightsided surface MMN_F0M waveforms (r ϭ Ϫ0.32, n ϭ 79, p ϭ 0.005; Fig. 5B ).
When tone matching was added to the model, the overall model was again highly significant (overall R 2 ϭ 0.26, F (3,66) ϭ 7.6, p Ͻ 0.001, n ϭ 70; Fig. 5C ), with significant independent contributions from right-sided surface MMN_F0M (partial r ϭ Ϫ0.37, p ϭ 0.002, n ϭ 70) and tone matching (partial r ϭ 0.36, p ϭ 0.003, n ϭ 70). Correlations with right-sided surface MMN_F0M remained strongly significant even after controlling for group status (partial r ϭ Ϫ0.33, p ϭ 0.006, n ϭ 70).
Correlation by feature
As we have previously reported, variations in pitch and intensity may contribute independently to AER, with patients having particular difficulty in identifying emotion based upon pitch (Gold et al., 2012) . Consistent with our prior report, within the present sample, a larger deficit was observed for pitch-based (e.g., F0M, F0SD; t (77) ϭ 4.9, p Ͻ 0.001, d ϭ 1.1), relative to intensity-based (e.g., intensity, HF500; t (77) ϭ 2.3, p ϭ 0.026,dϭ 0.52) AER performance, although the group ϫ feature interaction was significant only at trend level (F (1,77) ϭ 3.1, p ϭ 0.08).
To evaluate the relative utility of physiological versus behavioral measures, separate analyses were conducted for MMN to pitch (MMN_F0M) features relative to AER feature subscores ( Fig. 5A ; AER by feature). As predicted, significant correlations were seen between amplitude of MMN_F0M and AER score to pitch-based stimuli (overall R 2 ϭ 0.10, F (2,76) ϭ 4.1, p ϭ 0.02, n ϭ 79). As with correlations to overall AER, correlations between MMN_F0M and pitch-based AER remained significant even after controlling for group status, with the highest contribution from right-sided surface MMN_F0M (partial r ϭ Ϫ0.27, p ϭ 0.02, n ϭ 79).
FM tone identification
FM tone identification analysis was conducted in 42 patients and 36 controls. Following completion of the ERP data collection, subjects were asked to identify the emotional percept most associated with each of the tones. As expected, controls identified tones used as F0M deviant stimuli primarily as happy, tones used as F0SD deviant stimuli primarily as sad, and tones used as HF500 deviants primarily as angry/fearful (Fig. 5D ).
Patients were less likely than controls to identify F0M deviant tones as happy (t (76) ϭ 2.3, p ϭ 0.023) and F0SD tones as sad (t (76) ϭ 3.0, p ϭ 0.004), although they showed a similar response pattern to HF500 deviant stimuli (t (76) ϭ 1.5, p ϭ 0.14) (Fig. 5D) . Across both groups, responses to both F0M/F0SD and standards were relatively evenly divided between emotions ( 2 ϭ 6.7, p ϭ 0.15), consistent with the expected emotional ambiguity of these stimuli.
Responses to standard stimuli N1 analysis was conducted in 43 patients and 36 controls. As expected (Bishop et al., 2005; Leitman et al., 2011a) , when presented as standards (Fig. 2B) , the stimuli elicited a frontocentral N1 response, with peak amplitudes at ϳ150 ms. Response amplitudes to the repetitive standards were small in both groups due to the short interstimulus interval with no significant difference in either N1 amplitudes (F (1,77) ϭ 0.008, p ϭ 0.93) and latencies (F (1,77) ϭ 0.38, p ϭ 0.54) between groups across stimulus types ( Table 2) .
The later N1 response to FM tones versus more typical auditory stimuli (e.g., clicks, simple tones) most likely reflects the much more gradual onset of FM tones versus the relative rapid onset (e.g., 5-10 ms on/off times) of tones typically used in N1 studies. Both the more gradual stimulus onset and the rapid rate may have contributed to the lack of significant between-group differences on the N1, consistent with a recent study (Pinheiro et al., 2013) , which also did not find a significant deficit in N1 generation to "pure" prosody stimuli in schizophrenia, but this study did not assess MMN generation. rsfMRI rsfMRI analysis was conducted in 55 patients and 51 controls. To assess potential contributions of functional connectivity deficits between auditory cortex and insula to AER impairments, seeds were created in these regions based upon both known coordinates and LAURA source reconstructions (Fig. 6A) . Because amygdala was adjacent to the insula source and is known to participate as well in emotional processing, an additional seed was created for amygdala and analyzed relative to both insula and auditory cortical dipoles.
Auditory cortex to insula connectivity
An initial pairwise analysis was conducted between the insula seed and both auditory cortex and amygdala. As predicted, significantly reduced connectivity was observed across pairwise connections between the insula and amygdala or auditory cortex in patients (F (1,104) ϭ 6.7, p ϭ 0.01; Fig. 6B ), which remained significant even after controlling for technical factors, such as magnet type (1.5T or 3T) and framewise displacement (F (1,102) ϭ 7.3, p ϭ 0.008).
Specificity of our source localization model was also assessed by voxelwise rsfMRI analysis of the insula seeds (Fig. 6 A, B) . For right insula, the between-group difference region included the bilateral auditory cortex (t (104) ϭ 3.8, p Ͻ 0.001). For left insula, the difference region included the left (t (104) ϭ 3.1, p ϭ 0.003) , but not the right auditory cortex (not significant; Fig. 6A ). No significant difference in cortical volume was seen across the six Figure 5 . A, Bar graph (mean Ϯ SEM) of percentage correct for auditory and emotion processing tasks. AER: total, pitch, and intensity scores. y-axis is calibrated to start from chance performance. ***p Ͻ 0.001 (independent-samples t test). *p Ͻ 0.05 (independent-samples t test). B, Scatter plot of total score for performance on auditory emotion recognition versus surface MMN_F0M. C, Scatter plot of total score for performance on auditory emotion recognition versus composite of tone-matching task and surface MMN_F0M. D, Stacked bar graphs noting percentage answered for listed deviants on FM-prosody task. Blue represents patients; red represents controls. ***p Ͻ 0.001 (one-sample t tests for hypothesized emotion). **p Ͻ 0.01 (one-sample t tests for hypothesized emotion). *p Ͻ 0.05 (one-sample t tests for hypothesized emotion).
# p Ͻ 0.05 (between-group independent-sample t test for most prevalent emotion). F0M, Happy; F0SD, sad. ROIs (F (1,85) ϭ 0.8, p ϭ 0.37) between groups (Table 3) , suggesting that these connectivity differences were not due to volume reductions within these regions. Significant correlations were seen between AER and auditory cortex-to-insula connectivity (overall R 2 ϭ 0.11, F (2,62) ϭ 3.9, p ϭ 0.027, n ϭ 63). The overall model remained significant after controlling for group (p ϭ 0.018, n ϭ 63). The correlation between rightsided auditory cortex-to-insula connectivity and AER was also individually significant (r ϭ 0.33, p ϭ 0.008, n ϭ 63).
Relationship between neurophysiological and functional imaging measures
The relationship between MMN and rsfMRI was assessed in the subset of subjects with both measures available (21 controls, 14 patients). For this analysis, we focused on the relative contributions of impaired MMN generation and impaired auditory cortex-to-insula connectivity to overall impairments in AER.
When bilateral MMN_F0M (surface) and auditory cortex-toinsula connectivity were entered simultaneously into a multiple regression analysis with AER as the dependent variable, the overall model was significant (overall R 2 ϭ 0.10, F (2,67) ϭ 3.7, p ϭ 0.029, n ϭ 35; Fig. 6C ), with both MMN amplitude (partial r ϭ Ϫ0.24, p ϭ 0.05, n ϭ 35) and connectivity (partial r ϭ 0.24, p ϭ 0.05, n ϭ 35) showing independent correlations in the expected directions (reduced MMN and reduced functional connectivity ¡ greater impairment in AER). Moreover when MMN_F0M source strength (Fig. 6D ) was entered instead of MMN_F0M surface amplitude, the overall model showed an even stronger relationship to AER (overall R 2 ϭ 0.22, F (3,66) ϭ 6.3, p ϭ 0.001, n ϭ 35; Fig. 6E ), with the MMN_F0M auditory source contributing independently (partial r ϭ Ϫ0.37, p ϭ 0.002, n ϭ 35).
Simple tone MMN and relationship with AER
Simple tone MMN analysis was conducted in 28 patients and 23 controls who had also participated in a prior study (Friedman et al., 2012) . In this subset, highly significant between-group differences in MMN to simple, non-FM tones were seen (Fig. 7 A, B) , Figure 6 . A, Seed and difference regions (controls greater than patients) of voxelwise functional connectivity between insula and bilateral auditory cortex. Maps are thresholded at p Ͻ 0.05, corrected for multiple comparisons. Location and orientation of source derived dipoles generated in BESA 5.3 are shown, with medial temporal cortex dipoles shown in seed region inset color coded for right (orange), left (green), and bilateral (red). Orientation of dipoles is based on BESA analysis. B, Bar graph of pairwise and voxelwise functional connectivity between insula and auditory cortex dipole. C, Scatter plot of total score for performance on auditory emotion recognition versus composite of voxelwise functional connectivity between insula and auditory cortex ϩ surface MMN_F0M. D, Bar graph of MMN_F0M source strength. E, Scatter plot of total score for performance on auditory emotion recognition versus composite of voxelwise functional connectivity between insula and auditory cortex ϩ source MMN_F0M. Blue represents patients; red represents controls. ***p Ͻ 0.001. **p Ͻ 0.01. *p Ͻ 0.05. AudCx, Auditory Cortex. consistent with the larger study. In contrast to MMN_F0M, the relationship between AER and MMN to features (i.e., pitch/duration/intensity) of simple tones was significant at a trend level only (Fig. 7C) . By contrast, when MMN_F0M was added to the regression, the level of correlation increased significantly, with the combination of MMN to simple tones and MMN_F0M deviants accounting for ϳ47% of the variance in AER performance (overall R 2 ϭ 0.47, F (5,25) ϭ 4.4, p ϭ 0.005, n ϭ 31; Fig. 7D ). In the combined regression, the largest contribution was from MMN_F0M (partial r ϭ Ϫ0.55, p ϭ 0.003, n ϭ 31), whereas MMN to simple tonal features did not contribute significantly (r ϭ Ϫ0.29 to 0.22, all p Ͼ 0.14, n ϭ 31).
Finally, when MMN to simple tones, right-sided MMN_F0M, and pairwise auditory cortex-to-insula connectivity were entered simultaneously into a multiple regression analysis with AER as the dependent variable, a further increase in the level of correlation was seen (overall R 2 ϭ 0.70, F (5,10) ϭ 4.6, p ϭ 0.019, n ϭ 16; Fig. 7E ). Despite the limited sample size in this model (n ϭ 16), MMN_F0M (partial r ϭ Ϫ0.73, p ϭ 0.008, n ϭ 16) remained independently significant.
Discussion
Deficits in AER ability are consistently demonstrated in schizophrenia and, along with deficits in face emotion recognition, contribute significantly to impairments in social cognition and global functional outcome (Penn et al., 2008; Leitman et al., 2010; Gold et al., 2012) . The underlying neural mechanisms, however, remain incompletely understood. The present study used a multimodal ERP/fMRI approach to localize neural substrates underlying impaired AER in schizophrenia.
Key findings were as follows: (1) impaired processing of emotionally relevant FM stimulus features (MMN to FM tones) occurred even for stimuli that were unattended at the time of stimulus presentation, suggesting deficits even in preattentive sensory processing; and (2) impairments were observed not only in initial processing as reflected in MMN, but also impaired functional connectivity between the auditory cortex and anterior insula. The present study thus extends prior research showing auditory cortex-level dysfunction in schizophrenia using simple tone MMN (Garrido et al., 2009; Friedman et al., 2012; Light et al., 2012) and tone matching (Javitt and Sweet, 2015) . In addition, the study validates FM tone-based approaches for physiological investigation of AER deficits across neuropsychiatric disorders.
Although relatively few studies have evaluated MMN specifically in response to FM tones (Bishop et al., 2005; Leitman et al., 2011a) , the basic MMN phenomenon was first demonstrated Ͼ20 years ago, when it was demonstrated that preattentive detection of stimulus novelty predicted subsequent attentiondependent detection (Tiitinen et al., 1994) . The phenomenon, initially termed "primitive intelligence," likely represents local circuit interactions within the auditory cortex, including the ability to encode and maintain modality-specific memory traces, and the ability of deviance detectors to detect alterations in an ongoing pattern of stimulation (Näätänen et al., 2001 ).
At present, several neural models have been proposed to account for MMN generation, including models focusing on adap- Figure 7 . A, Voltage topography maps for MMN to duration deviant (174 ms, 16 V/step) for available patients (n ϭ 30) and controls (n ϭ 25). Yellow circle represents location of analyzed electrodes. B, Bar graph (mean Ϯ SEM) of peak amplitude for simple tone deviants. C, Scatter plot of total score for performance on auditory emotion recognition versus mean amplitude across the three tested features. D, Scatter plot of total score for performance on auditory emotion recognition versus composite of surface MMN_F0M and MMN to simple tone deviants. D, Scatter plot of total score for performance on auditory emotion recognition versus composite of surface MMN_F0M and MMN to simple tone deviants. E, Scatter plot of total score for performance on auditory emotion recognition versus composite of surface MMN_F0M, pairwise functional connectivity between insula, and auditory cortex and MMN to simple tone deviants. Blue represents patients; red represents controls. **p Ͻ 0.01. AudCx, Auditory Cortex.
tion, model adjustment, or predictive coding concepts (for review, see Garrido et al., 2009; Javitt and Freedman, 2015; Javitt and Sweet, 2015) . For the present study, we explicitly included an adaptation control approach using "like from like" comparisons to minimize differential adaptation. Our findings of networklevel interaction between auditory-cortex and insula during MMN generation to FM tones is analogous to prior studies showing network interaction between auditory and right inferior frontal gyrus during processing of simple amplitude modulated tones (Garrido et al., 2009 ).
The present findings thus support earlier neurophysiological and predictive coding models and suggest that interactions between auditory cortex and medial temporal regions, especially insula, may be critical in processing emotion-related stimuli. In fMRI studies of MMN to simple tones, differential activation patterns are observed in temporal and frontal regions relative to levels of pitch change (Doeller et al., 2003) . Future parametric studies of MMN to FM-deviant tones are required to determine whether or not a similar relationship is observed between auditory cortex and insula in processing of prosodic-related information.
A relationship between impaired MMN generation to simple pitch features (i.e., non-FM tones) and AER dysfunction has also been previously reported (Jahshan et al., 2013) , and is supported in the present study (Fig. 7C) . Nevertheless, we observed a significantly stronger correlation when both MMN to FM tones were entered into the regression along with simple tone MMN, with the two variables together accounting for ϳ50% of the variance in AER across subjects (Fig. 7D) . Thus, these findings support the concept that the ability to discriminate FM-related features may be more proximate to AER function than the ability to discriminate simpler features, and thus may permit more detailed interrogation of underlying neural circuits.
In addition to showing associations between impaired MMN to FM tones and impaired AER function, the present study demonstrates a significant correlation between impaired AER ability and impaired functional connectivity between auditory and anterior insula cortex. In general, ERP possesses high temporal resolution but low spatial resolution. Thus, they are well suited to tracing flow of information across brain regions. However, localizing the regions involved in information flow is difficult using surface EEG data. By contrast, fMRI possesses high spatial resolution but low temporal resolution, and is thus well suited for exploring interactions among discrete brain regions.
In the present study, the dipole solution from the ERP study was used to create seeds for connectivity (rsfMRI) analysis. Primary MMN sources were observed in auditory cortex and anterior insula. In rsfMRI analysis, we observed a significant reduction in functional connectivity between these regions in patients relative to controls ( p Ͻ 0.01; Fig. 6B ). The deficit, moreover, correlated highly with the degree of AER impairment (r ϭ 0.33).
Finally, when both MMN and functional connectivity measures were entered into a simultaneous regression versus AER, both contributed significantly (Fig. 6C,E) , suggesting that both preattentive auditory processing and impaired connectivity contribute independently to the overall pattern of AER deficit in schizophrenia. These findings complement prior studies showing impaired connectivity between auditory cortex and inferior frontal gyrus during emotion processing (Leitman et al., 2011b) , and potentially suggest a more generalized role of auditory-cortical dysconnectivity in the pathogenesis of schizophrenia.
Our findings also add to a growing literature implicating the anterior insula both in AER processing and in schizophrenia. For example, several studies in healthy controls have shown insula activation to nonverbal or pseudo-word emotional stimuli (Morris et al., 1999; Bach et al., 2008; Thönnessen et al., 2010) . In parallel, significant reduction has been observed in anterior insula volume in schizophrenia (Shepherd et al., 2012) . The present is the first study to demonstrate insula activation by emotionrelevant FM tones, and also the first to demonstrate reductions in auditory cortex-to-insula connectivity during emotion processing in schizophrenia. In the present study, we detected significant deficits not only in right auditory cortex to right insula, but also a significant cross-hemisphere connectivity deficit in left auditory cortex and right insula, suggesting that right insula may be particularly involved in the pathophysiology of schizophrenia (Moran et al., 2013; Ruiz et al., 2013; Manoliu et al., 2014) and AER dysfunction (Pichon and Kell, 2013) .
Although no intervention was included in the present study, the present study suggests that auditory training strategies targeted at deficits in detecting pitch and intensity modulation of FM tones within the prosodic speech range (e.g., 100 -400 Hz) may be most relevant to remediation of AER impairments. Although remediation of ability to detect AER-related tonal contours will not, of itself, restore connectivity or normalize function, it may be a critical first step to permitting patients to benefit from AER training, which, in turn, would be critical to normalization of social interaction.
Circular analysis issues
As detailed in Materials and Methods, we followed published guidelines (Kriegeskorte et al., 2009) to prevent "circular analysis" ("double-dipping") bias, which can occur when hypotheses (e.g., prediction of between-group differences) are used to set conditions for the analysis. The general analysis plan was based upon a prior methods-only study, which established the basic phenomenon (i.e., MMN to FM deviants) (Leitman et al., 2011a) , with adjustments based on the magnitude of response based on the within controls or across the two groups ("A ϩ B"), rather than the difference ("A Ϫ B"). Similarly, rsfMRI ROIs were based upon all available data incorporating a dataset considerably larger than those used for correlational analyses and thus were not influenced by the correlational hypotheses within the electrophysiology subgroup. Thus, while independent replication of the present findings would be desirable, we feel that the study was adequately protected against circular analysis concerns.
Limitations
Other potential limitations of the present study are that all patients were on antipsychotic medication, were in a relatively chronic phase of their illness, and were predominantly male. AER deficits have been observed in individuals at high symptomatic risk for schizophrenia even before illness onset (Amminger et al., 2012; Corcoran et al., 2015) , suggesting that such deficits are likely present early in the course of the disorder and are independent from subsequent treatment. Finally, not all subjects participated in all components of the study. Thus, while the full sample is extensive (84 patients, 66 controls), the number of subjects with both sets of measures is more modest (14 patients, 21 controls). Nevertheless, despite the limited sample size, significant independent contributions of MMN and rsfMRI to impaired AER were detected.
In conclusion, the present study provides the first demonstration of impaired preattentive processing of AER-related FM tonal modulations in schizophrenia and the first demonstration of a link between impaired auditory/anterior insula connectivity and impaired affective processing. These findings demonstrate both specific bottom-up contributions and specific network-level contributions to impaired AER performance and anterior insula activations in schizophrenia and highlight the potential role of medial temporal structures, particularly right anterior insula, along with auditory cortex in social cognitive pathology in schizophrenia.
